Abstract. The characteristics of flavin excretion from iron-deficient sugar-beet roots have been studied. Roots from iron-deficient sugar beet excreted flavins when plants were allowed to decrease the pH of the nutrient solution, but not when plants were grown in nutrient solutions buffered at high pH. As shown by reversedphase high-performance liquid chromatography, the two major flavins whose excretion was induced by iron deficiency were different from riboflavin, FMN and FAD. These flavins have been identified as riboflavin 3'-sulfate and riboflavin 5'-sulfate by electrospray-mass spectrometry, inductively coupled plasma emission spectroscopy, infrared spectrometry and 1H-nuclear magnetic resonance. We have characterized the time courses of accumulation of the different flavins in the nutrient solution and considered several possible roles for flavin excretion in iron acquisition.
Introduction
When grown under limited iron supply, many plant species develop iron-acquisition mechanisms that are not expressed or are under-expressed when the iro n supply is sufficient. The most widespread iron-acquisition mechanism in plants, Strategy I, has been found in many dicotyledonous and non-graminaceous monocotyledonous species R6mheld and Marschner 1986; Bienfait 1988; Brown and Jolley 1988) . This strategy involves physiological changes, such as the development of increased proton excretion and iron-reducing capacity, and associated morphological changes such as the Abbreviations: ICP = inductively coupled plasma emission spectroscopy; MS = mass spectroscopy; NMR = nuclear magnetic resonance; Rbfl = riboflavin Correspondence to: J. Abadia; FAX: 34 (76) 57 56 20 development of root hairs and transfer cells (Kramer et at. 1980; R6mheld and Marschner 1981; Landsberg 1982; Welkie and Miller 1993) . The excretion of chemicals such as caffeic acid, phenolics or riboflavin (Rbfl) from the roots of Fe-deficient plants has been proposed to play a complementary role in iron acquisition in Strategy-I species (Brown and Ambler 1973; Bienfait et al. 1983; R6mheld and Marschner 1983; Welkie and Miller 1988; Welkie and Miller 1993) .
When plants are grown in nutrient cultures containing low iron concentrations the solution may turn yellow, as reported first by Pound and Welkie (1958) in tobacco. The presence of a yellow pigment in the nutrient solution of low-Fe plants was confirmed later for tobacco (Welkie and Miller 1960; Frolich and Wallace 1966; Welkie and Miller 1988) , and other species such as sugar beet (Nagarajah and Ulrich 1966; Welkie and Miller 1989) , the desert shrub Franseria dumosa (Wallace 1971b) , sunflower (Venkat Raju et al. 1972; Marschner and Barber 1975; R6mheld and Marschner 1979; Johnson 1982) , pumpkin (Kannan 1988) , pepper (Welkie et al. 1990) , and lettuce (Welkie and Miller 1992) . The spectral characteristics of these yellow nutrient solutions indicated that the yellow color was caused by a flavin compound (Nagarajah and Ulrich 1966; Kannan 1988) . Although there is no direct proof that flavin excretion is directly involved in the basic mechanisms of Strategy I, the evidence available so far indicates that plant species and cultivars of species excreting flavins are among the most Fe-efficient ones (Welkie and Miller 1993) .
It has been generally assumed that the flavin being excreted to the nutrient solution was Rbfl. This assumption was based on the absorption and fluorescence spectra of the yellow pigment, together with their chromatographic properties and simple redox behavior (Pound and Welkie 1958; Welkie and Miller 1960; Johnson 1982; Welkie and Miller 1992) . However, recently we have shown that two flavins not previously reported in plants, Rbfl 3'-and 5'-sulfate, accumulate in the subapical zone of the roots of Fe-deficient sugar-beet plants when grown at high pH (Susin et al. 1993 ).
The aim of this research was to investigate the characteristics and possible roles of flavin excretion by sugarbeet plants. We have studied the nature and the time course of accumulation of the major flavin compounds excreted from Fe-deficient sugar-beet roots to the nutrient solution. The possible functions of flavins in the acquisition of Fe by higher plants under Conditions leading to Fe deficiency in nature are also discussed.
Materials and methods

Plant culture. Sugar beet (Beta vulgaris L. Monohil hybrid;
Hillesh6g Fr6 AB, Landskrona, Sweden) was grown in a growth chamber. Seeds were germinated and grown in vermiculite for two weeks. Seedlings were grown for two more weeks in nutrient solution (in 3/8-strength Hoagland's nutrient solution with 22.4 laM Fe and then transplanted (four plants per bucket) to 20-1 plastic buckets lined with polyethylene bags and containing half-strength Hoagland's solution (Young and Terry 1982) with either 0 or 44.8 I~M Fe. Iron was added in the chelated form of Fe-EDDHA (Sequestrene 138; Ciba-Geigy, Barcelona, Spain). The nutrient solutions of some of the buckets containing no Fe were buffered at an initial pH of approx. 7.7 by adding 1 mM NaOH and 1 g.l 1 of CaCO3. This treatment simulates conditions usually found in the field which lead to Fe deficiency. Plants were grown at 25~ and 80% relative humidity, with a photon flux density (PPFD) of 400 gmol photons.m 2s ~, and a photoperiod of 16 h light/8 h dark.
Separation offlavins by HPLC. Flavins excreted to the nutrient solution by Fe-deficient sugar-beet roots were separated by HPLC on a Novapak C1~ (Waters, Milford, Mass., USA) radial compression column (100 mm long, 8 mm i.d.; 4 lam particle size). Samples were injected with a 20-gl loop, and mobile phases were pumped by a Waters M 45 high-pressure pump at a flow rate of 1.0 ml-min '. Detection was made at 373 or 445 nm (absorption maxima of flavins) with a SPD-6AV detector (Shimadzu, Kyoto, Japan). The column was first equilibrated with 0.1 M ammonium acetate: methanol (95:5, v/v), pH 6.0, for 10 rain. The sample was then injected into the column and mobile-phase A was pumped for another 2 min. A mixture of water:methanol (70: 30, v/v) was pumped for 23 rain. A wash of 10 rain with pure methanol was carried out before re-equilibrating the column as described above. The standards of Rbfl, FMN and FAD were obtained from Sigma (Madrid, Spain).
Isolation of flavins excreted by Fe-deficient sugar beet. For flavin isolation, nutrient solutions were passed through Waters Sep-Pak C18 cartridges pre-equilibrated with methanol; the cartridges retained essentially all the yellow pigments. Flavins were then eluted from the cartridges with pure methanol, dried under N2 and resuspended in a small volume of mobile-phase A. These concentrated samples were separated by the method indicated above, except for a 100-gL sample loop. The two major flavin peaks were recovered, and the pooled fractions from several runs were dried under N> The isolated flavins were re-chromatographed by HPLC, and their mobility was found to be identical to that of flavins present in fresh nutrient solutions.
Molecular absorption, infrared and fluorescence spectra. Electronic absorption spectra of nutrient solutions and isolated compounds dissolved in water were measured at room temperature from 200 to 700 nm with a 2101 PC computer-controlled spectrophotometer (Shimadzu), using a 1-nm slit. Flavin concentrations were estimated from absorbances at 445 nm using an ~ = 12.2 mM q.cm 1. Infrared spectra (from 4000 to 400 cm 1) were obtained with a Bomem (Quebec, Canada) MB-120 spectrometer after 256 scans, from a pellet obtained from a mixture of 50 ng of sample and 5 gg anhydrous KBr (IR grade) pressed under vacuum at 15 tons. Emission and excitation fluorescence of nutrient solutions and isolated compounds dissolved in water were measured at room temperature with a Hitachi (Tokyo, Japan) F-4500 computer-controlled spectrofluorimeter. Emission spectra were measured between 400 and 700 nm with an excitation beam of 450 nm (2.5 nm slit), and excitation spectra were measured between 250 and 600 nm for emission at 526 nm (5 nm slit). Spectra presented were obtained by multiplying each spectrum by a different factor to facilitate direct comparison.
Electrospray-mass spectroscopy (MS). Electrospray-MS spectra
were obtained using a Finnigan (San Jos& Cal., USA) TSQ 700 triple quadrupole mass spectrometer equipped with an Analytica of Branford (Branford, Conn., USA) electrospray interface. The HPLC fractions to be submitted to electrospray-MS analysis were evaporated, redissolved in methanol, and introduced into the electrospray source at a rate of I gl.min ~ using a Harvard Apparatus (Southnatick, Mass., USA) perfusion pump. Operating conditions were: dectrospray voltage, 3500 V (positive ions) and 2800 V (negative ions); drying nitrogen flow, 5 ml-min 1; scan range, 200-1000 u; scan rate, 2 s. Spectra presented here are the average signal for 5 min acquisition. Standards from Sigma -Rbfl, FMN and FAD -were used for electrospray tuning and calibration.
Proton-nuclear magnetic resonance (1H-NMR).
One-and two-dimensional spectra were recorded on a Varian (San Fernando, CaL, USA) Unity 300 apparatus. Proton chemical shifts were referenced relative to tetramethylsilane standards. Normal 1H spectra were collected using a HOD pre-saturation sequence. The sample (0.4 rag) were dissolved in CD3OD (0.7 ml) and the spectra were recorded at 30~ after 1024 scans. The phase-sensitive two-dimensional proton double-quantum-filtered COSY (DQCOSY) spectra were obtained as described previously (Susin et al. 1993 ).
Elemental analysis. The isolated flavins were analyzed for total P and S content by inductively coupled plasma emission spectroscopy (ICP) using a Perkin-Elmer (Norwalk, Conn., USA) P-40 apparatus. Spectral lines used were 180.731 and 213.618 nm for S and P, respectively.
Measurements of Fe(III)-reducing capacity of intact plants and nutrient solutions.
The Fe(III)-reducing capacity of intact plants and nutrient solutions was measured as described by Bienfait et al. (1983) .
Results
Flavin excretion from Fe-deficient sugar-beet roots. When sugar-beet plants were grown without Fe in an unbuffered nutrient solution the solution became yellow within a few days. These yellow nutrient solutions had absorption maxima at 267, 373 and 445 nm, a fluorescence emission maximum at 526 nm and fluorescence excitation maxima at 267, 373 and 445 nm (Fig. 1) . These spectral characteristics are typical of a flavin. The flavin was detectable spectrophotometrically in the nutrient solution after 4 d of growth without Fe, and its concentration increased to reach values of approx. 1.5 ~tM after 15 d of growth without Fe (Fig. 2) . The pH of the nutrient solutions decreased on the same time scale from 5.5 to less than 4.0. Conversely, when sugar-beet plants were grown in nutrient solutions not containing Fe but buffered at high pH either by calcium carbonate (Fig. 2) or by 25raM 3-(N-morpholino)ethanesulfonic acid (Mes)-NaOH (not shown), the nutrient solution did not contain detectable amounts of flavins. Instead, the sub- (Fig. 3A) . The analysis of nutrient solutions in which Fe-deficient sugar beets had been grown indicated that they contained three compounds with absorption-spectra characteristic of flavins. Two of these compounds had retention times different from those of standards, whereas the third appeared at the same retention time than Rbfl (Fig. 3B) . In a nutrient solution where sugar beets had been grown for 8 d the major peak (F1), having a retention time of 14.9 min, accounted for 80% of the total flavin content. The second peak (F2) had a retention time of 15.2 min and accounted for 14% of the total flavin, whereas Rbfl accounted for 6% of the total flavin. Nutrient solutions from Fe-sufficient plants and from high-pH-grown, Fedeficient plants had no detectable amounts of flavins.
Identification of flavins excreted by Fe-deficient sugar beet.
The two major flavins present in the nutrient solutions from Fe-deficient plants were isolated. Each of the purified compounds was slightly contaminated with the other one, but this contamination was always below 1%, as judged from the HPLC runs. The electronic absorption (Fig. 4A ). Some differences can be seen between flavins in the relative intensity of the two UV absorption peaks. All flavins also exhibited remarkably similar fluorescence emission (a single peak at 526 nm; Fig. 4B ) and fluorescence excitation spectra (Fig. 4C) . These results illustrate the difficulty in identifying flavins using only electronic absorption and/or fluorescence spectral characteristics, Because of their lability, flavins can be better studied by electrospray-MS, a soft ionization technique that uses no high-temperature sources for ionization, than by electron-impact-and thermospray-MS conventional techniques (results not shown). Both flavins showed a poor response in the electrospray-MS positive-ion mode (not shown). In the negative-ion mode both fractions gave identical spectra characterized by an intense signal at m/z 455.2 (similar to that corresponding to [M-H] in FMN) and a weak signal at m/z 933.8 (similar to that corresponding to in FMN; Fig. 5 ). These data indicated for both compounds a molecular weight of 456, (Fig. 5) . Both 31p-NMR and ICP indicated the absence of any appreciable amount of P in both flavins. However, the presence of S in the isolated compounds was confirmed by ICP emission spectroscopy; we found molar stoichiometries of 1.11 -t-0.05 and 1.06 4-0.04 mol S per mol of the major (F1) and minor (F2) flavin, respectively. Furthermore, infrared spectra showed a complex pattern of absorption comparable to the Rbfl or FMN spectra, with the exception of the bands at 1251, 1226, 1066 and 1012 cm -1 that are fully compatible with the presence of a sulfate ester (results not shown). Therefore, the flavins excreted by Fe-deficient sugar beet were flavin sulfates.
The 1H-NMR and DQCOSY spectra of the two flavins isolated from nutrient solutions were practically identical to those of the two flavin sulfates recently reported to be accumulated in sugar-beet roots grown at high pH (Susin et al. 1993) . The major and minor flavins present in nutrient solutions have been identified as Rbfl-3'sulfate and Rbfl-5'sulfate, respectively. Both flavins appear to have a ring system very similar to that of Rbfl in its oxidized state, because the chemical shift of the pair of signals near 8 and 2.5 ppm (coming from the two hydrogens at positions 6 and 9 and from the two methyl groups at positions 7 and 8, respectively) and their relative integral (1:3) were very similar to those found in Rbfl and Rbfl analogues (Susin et al. 1993) . The chemical shifts and coupling constants for the ribityl chain hydrogens (Susin et al. 1993) indicated the presence of a substituent group more electro-negative than hydroxyl, such as sulfate, in positions 3' and 5', for the major (F1) and minor (F2) flavin present in nutrient solutions, respectively.
Time course of flavin excretion. The concentrations of the three flavins present in the nutrient solution of Fe-deficient sugar beet exhibited similar trends of increase with time (Fig. 6A) . When plotted on a total-flavin basis the major flavin excreted by roots of Fe-deficient sugar beet, Rbfl 3'-sulfate, accounted for approximately 85% of the total flavin by day 4, and decreased progressively down to 70% of the total flavin by day 15. Riboflavin 5'-sulfate accounted for only 12% of the total excreted flavin at day 4, and increased up to 20% by day 15. Riboflavin accounted for only 3% of the total excreted flavin at day 4, and increased up to 10% by day 15 (Fig. 6B) .
Discussion
In this paper we show that an excretion of flavins occurred when sugar-beet plants were allowed to decrease the pH of the nutrient solution, but not when plants were grown in nutrient solutions buffered at a pH of approximately 7.7. The fact that flavin excretion only occurs at low pH is in good agreement with previously published data (Welkie and Miller 1988; Welkie and Miller 1989; Welkie et al. 1990; Welkie and Miller 1992; Welkie and Miller 1993) . Also, the flavin concentrations found in our system (0 for Fe-sufficient plants and up to 1.5 IaM for Fe-deficient plants) are within the ranges reported previously of 0-0.01 gM for Fe-sufficient plants and 0.05-3.22 pM for Fe-deficient plants (Welkie and Miller 1960; Venkat Raju et al. 1972; Marschner and Barber 1975; Johnson 1982; Welkie and Miller 1988; Welkie and Miller 1989; Welkie et al. 1990 ). The major flavin excreted to the nutrient solution was Rbfl 3'-sulfate, with only minor amounts of Rbfl 5'-sulfate and free Rbfl. These results contrast with the general agreement that the flavin excreted by Fe-deficient plants is always free Rbfl (Welkie and Miller 1993) . Our data indicate that Rbfl accounted for 10% or less of the total flavin present in the yellow nutrient solutions. Preliminary data on other plant species indicate that the production and excretion of Rbflsulfates is not a general response of Strategy-I plants to Fe stress. Ribofavin sulfates have been found to accumulate in the roots of two sugar-beet hybrids and a spinach cultivar grown in nutrient solutions buffered at high pHs (Susin et al. 1993 ). However, sunflower (Helianthus annuus) and cucumber (Cucumis sativus) excreted only Rbfl (data not shown). In previously reports on flavin excretion the data did not allow the discrimination between the excreted compounds, since Rbfl, Rbfl-sulfates and other compounds have nearly identical absorption and fluorescence spectra (Fig. 4) . No convincing evidence on the possible roles of the flavin released by Fe-deficient plants has been presented so far. The fact that the reducing power of nutrient solutions containing flavins (7.5 _+ 1.0 lamol Fe reduced.1 1-d 1) was only marginally higher than that of nutrient solutions not containing flavins (5.0 + 1.0 gmol Fe reduced.1 1 "d 1) excludes the possibility that flavins contribute directly to Fe reduction. Flavins may also act as intermediates between the Fe-reductase present in the plasma membrane of Fe-deficient roots and Fe. However, the addition of flavin sulfate to the reaction medium did not increase the ability of Fe-deficient sugar beet plants to reduce Fe (data not shown), in agreement with previous data indicating that flavins are not suitable electron acceptors for the Fe-chelate plasma-membrane electrontransport chain (Sijmons and Bienfait 1983) . On the other hand, Rbfl sulfates may act as antimicrobial agents (Yagi 1971) . However, the amount of microorganisms present in the nutrient solution after 20 d of growth was the same irrespective of the presence or not of flavin excretion (approx. 1 x 105 cells.ml-l), suggesting that the bacteriostatic action of flavin sulfates was not appreciable at flavin concentrations of 1 2 pM. At higher concentrations, however, Rbfl Y-sulfate and Rbfl Y-sulfate exhibited a marked bacteriostatic action (not shown).
The possible role(s) of chemicals excreted by Fe-deficient plants have been considered most often from the viewpoint of their final concentration in the nutrient solutions (Welkie and Miller 1993) . The micromolar concentrations of flavins resulting from the growth of sugar-beet plants in low-Fe and high-pH nutrient solutions are unlikely to provide any appreciable advantage for Fe acquisition. However, the induction of flavin production by Fe-deficiency could be an ecologically relevant process in the case that higher flavin concentrations are attained. Riboflavin sulfates may accumulate in much higher concentrations than Rbfl, because of their increased solubility (Susin et al. 1993) . At these higher concentrations (millimolar range) it is likely that flavins may act in Fe acquisition and/or as a barrier against microorganisms competing for available Fe.
Flavin excretion from roots of Fe-deficient plants occurs when the pH of the medium is low. A decisive factor leading to acidification of the medium is the plasmamembrane ATPase, which is activated under low Fe supply. Plant roots from Fe-deficient plants have been shown to decrease the pH of an agar medium or of agar-embedded neutral soil from 6.0 down to values of 5.5~4.5 (R6mheld and Marschner 1981; Marschner et al. 1982; R6mheld et al. 1984) . In calcareous soils, the environment where Fe deficiency is found most often, the existence of small-size calcium-carbonate particles (active lime) may make it difficult to decrease the pH of the soil below 7.0, for more than a few micrometers outside the root. However, it is likely that Fe-deficient plants could decrease the pH at least in localized points close to the source of H +. The subsequent excretion of flavins may be of some importance for Fe-deficient plants, especially considering that it would occur very close to the subapical root zone which exhibits high reductase activity (results not shown). Alternatively, at high external pH the Fe-reducing capacity of the roots may be increased by flavin accumulation within the roots, rather than excretion to the soil. This will be considered in a separate study.
